Within a project that applied biochemical criteria to the diagnosis of damage to Norway spruce, 43 sites in western and eastern Germany showing only moderate tree damage were screened for the amounts of methanol soluble phenolic compounds in spruce needles. The concentrations of most of the main compounds -especially catechin -positively correlated with needle loss and the altitude of the site. It was also found that it is necessary to differenti ate between trees younger and older than 60 years of age. The correlations between the increase of the phenolic compounds studied and the needle loss or the damage class are stronger in the younger trees, possibly implicating differences in metabolic state or distur bances in protectective mechanisms in the older trees.
Introduction
B ioindication studies can be started from dif feren t approaches, e.g. cell, organism , and ecosys tem . The annual forest dam age survey in G erm any evaluates visible sym ptom s like loss of foliage and yellow ing and in this way considers the w hole o r ganisms. Biochem ical indication refers to events on a cellular level thus providing necessary ad d i tional inform ation. A s physiological changes in re sponse to stress can be discovered before sym p tom s becom e visible on the whole organism , this opens the possibility to diagnose an early im pair m ent of th e vitality of a tree.
O v er the last years m uch research was aim ed at physiological p aram eters suitable for diagnosis of tree dam age (e.g. Wild et al., 1990; M U R L , 1993; W ild et a l, 1994; KfK-PEF, 1994; Wild et al., in press) . A m ong various physiologically reactive p a ra m ete rs m eeting the necessary requirem en ts for biom ark ers (T enter and Wild, 1991; Tietz and W ild, 1991; W ild and Schm itt, 1994) , the am ounts of various m ethanol soluble phenolic com pounds -especially catechin -in spruce needles of the second age class proved a useful indicator because they increased with dam age, w ere con stan t during the course of the day and the year, Abbreviations: DW, dry weight; PTG, piceatannol glucoside. Reprint requests to Prof. and th eir absolute am ounts were quantitatively com parable betw een different sites (R ichter and W ild, 1992, 1994) . These observations agree with earlier findings of increased biosynthesis of p h e nolic com pounds in response to various kinds of stress (H ow ell, 1974; Tingey et al., 1976; R ubin et al., 1983; Kicinski et al., 1988) .
W ithin an extensive research project on various a p p ro p riate cellular param eters like phosphoenolpyruvate carboxylase, m ineral nutrients, com po nents of the thylakoid m em brane, antioxidants, and polyam ines and the evaluation of their bioin dicative potential, a great num ber of forest stands m ainly in the subalpine m ountain ranges in w est ern and eastern G erm any was screened for the m entioned phenolic com pounds. This p aper pres ents correlations found betw een various phenolic com pounds and visible sym ptom s of dam age, thus providing a tool tow ards a m ore sophisticated dam age diagnosis.
Materials and M ethods
Description o f the sites N eedles w ere tak en from spruce trees of 43 sites in various regions of G erm any. Twelve sites are located in eastern G erm any, in the H arz M oun tains, the Thuringian Forest, and in the O re M oun tains at altitudes betw een 500 and 750 m above sea level. The trees w ere m oderately dam aged. Their needle losses am ounted to 2 0 -4 0 % , and for each 0939-5075/96/0100-0053 $ 06.00 © 1996 Verlag der Zeitschrift für Naturforschung. All rights reserved. D site average dam age classes from 1.3 to 1.9 were calculated (for dam age classes see W aldschadenserhebung, 1991, 1992) . O nly th e trees of two sites w ere assigned to average dam age classes below 1 . The age of the chosen trees ranged betw een 55 and 90 years. The soils of m ost sites are p o o r in nutrients, and the m ain air p o llu tan t at these sites has been sulfur dioxide (L auchert, 1994) .
The twelve sites studied in R h in elan d -P alatinate (R heinland-Pfalz) are found in th e P alatinate For est, the H unsrück M ountains, the W esterw ald M ountains, and in the Eifel M ountains at altitudes betw een 450 and 700 m above sea level. The age of the trees ranged betw een 70 and 120 years. N eedle losses from 9 to 23% were d eterm in ed resulting in average dam age classes from 0.2 to 1.5 for the sites. A p art from a reference site show ing alm ost no dam age sym ptom s, m ost soils are p o o r in n u tri ents (L auchert, 1994) .
N ineteen sites w ere studied in N orthrhine-W estphalia in the Eifel, R othaar, E bbe, and Egge M ountains and in the S auerland at altitudes from 200 to 610 m above sea-level. A ccording to an average dam age class assignm ent of 0 -0 .8 , the 4 0 -9 0 -year-old trees were only slightly dam aged (needle loss 0 -3 7 % ). A t these sites n u trien t defi ciencies w ere also d etected (W ild et al., 1994). The sites in w estern G erm any are characterized by ele vated ozone concentrations in the am bient air (ZI-M EN, 1991; T E M E S, 1991).
Sam pling was carried out from the end of A u gust to the beginning of S ep tem b er 1991. N eedles of the second age class (i.e. sp ro u ted in the previ ous year) were taken from tw elve trees at each site (six trees in N orthrhine-W estphalia) and w ere com bined to bulk sam ples for each site. N eedles w ere frozen in liquid nitrogen im m ediately at the site and stored at -75 °C.
Analysis o f phenolic com pounds
A queous m ethanolic extracts (1 g/ml) co n tain ing 0.9 mM gallic acid as internal stan d ard were p rep ared from deep-frozen needles according to R ichter and Wild (1992 . The extracts were purified by filtration and solid phase extraction. The analysis of phenolic com pounds was carried out by m eans of reversed-phase H P L C (LKB, col um n RP-18 M acherey-N agel, D ü ren ) using a fourstep elution gradient com posed of 0.5% natrium acetate buffer (pH 3.3) and m ethanol, running from 17% to 80% m ethanol. The elutes w ere d e tected and quantitatively determ ined by m easur ing U V -absorption at X = 275 nm (Shim adzu). For details see R ichter and Wild (1992) . From each needle sam ple three extracts w ere prepared each of which was chrom atographed twice. Fig. 1 shows two representative chrom atogram s of the extracted phenolic com pounds derived from sites in the R o th aa r M ountains (N orthrhine-W est phalia) and in the Thuringian Forest, respectively.
Results
The chrom atogram s obtained in this study show sim ilar p attern s of m ethanol-soluble phenolic com pounds in spruce needles for all sites studied in the various regions of G erm any. In Fig. 1 exam ples from two distant regions with even different air pollution profiles are presented. The m ain com pounds detected in significant quantities, which w ere used in calculations, are picein, catechin, epicatechin, piceatannol glucoside, and two o th e r com pounds (retention tim es 5.5 and 9.1 m in).
In relation to needle loss and dam age class, the latte r of which is based on the form er, the am ounts of catechin, epicatechin, and the two still un id en tified com pounds (see R ichter and Wild, 1992) increase with increasing dam age (Tables I and II , Fig. 2 a) . This was not found for picein (Tables I  and II) . The sum of all studied phenolic com pounds, how ever, also shows a positive correlation 
a)
Closer exam ination revealed that the co rrela tion betw een the studied phenolic com pounds and needle loss is linked to the age of the trees, while age itself is not. Table II dem onstrates th at below the threshold of an age of 60 years th ere is a stronger correlation betw een the am ounts of m ost of the phenolic com pounds studied and needle loss than if integrating all trees. O lder trees show al m ost no correlations.
Discussion
The p a ttern of m ethanol soluble phenolic com pounds in spruce needles at all sites described here agree well with earlier published results for sites in the Black Forest, the H unsrück and the W est erwald M ountains (R ichter and Wild, 1992, 1994) .
The screening of 43 spruce tree sites showing slight to m o derate tree dam age resulted in positive linear correlations betw een m ost studied phenolic com pounds and needle loss or dam age class as well as the altitude of the site.
In relation to visible dam age, which is expressed as needle loss and dam age class, the am ounts of catechin, epicatechin, and tw o still unidentified com pounds increase with increasing dam age. This confirm s our results obtain ed in studies at three o th e r sites (R ich ter and W ild, 1992 and 1994) . As before, this correlatio n could not be determ ined for picein because q uantities w ere again inconsis ten t betw een d ifferent sites. E a rlie r findings also d em o n strate th at am ounts of picein vary greatly am ong individual trees (O ssw ald and Benz, 1989, H eller et al., 1990; R ichter and W ild, 1992, 1994) . P iceatannol glucoside, an im p o rtan t stilbene in spruce, could not be co rrelated with dam age in these studies, either, which can be explained by individual variations betw een single trees (Solhaug, 1990; R ich ter and Wild, 1994) . In our previ ous studies, w here we did observe a clear increase in the content of PTG, we dealt with severely d am aged trees (R ich ter and W ild, 1992), while in this p roject we included only trees w ith slight to m od erate dam age. H ow ever, the sum of all phenolic com pounds studied, w hich also includes the com ponents showing no distinct linkage to dam age, shows a positive correlation with dam age sym p toms. This again confirm s our previous observa tions and those of o th e r authors (Y ee-M eiler, 1974; Kicinski et al., 1988; R ichter and Wild, 1992, 1994) and adds to the concept of en hanced p ro te c tion m echanism s in stressed and dam aged trees (Swain, 1977; Rhodes, 1985) .
For the first tim e we studied the am ounts of phenolic com pounds in trees older th an 60 years. The results show that the dam age-related increase of phenolic com pounds in needles is not as obvi ous in trees older than 60 years as it is in the youn ger trees. R easonable explanation m ay be found in dam age independent needle loss due to horm onal changes (E lstner and O ssw ald. 1984) . or in loss of vitality of the older trees affecting the biosynthesis of protectants, o r in an increased need of phenolic com pounds as precursors for following reactions like lignin biosynthesis (R hodes, 1985; Freytag and H ahlbrock, 1992) . In any case, the described o b servations m ust be taken into account w hen a t tem pting to assess the physiological dam age status of spruce trees.
A p art from picein, all studied phenolic com p ounds additionally increase w ith the altitude of the site. H eller et al. (1991) , 1986) re p o rted on stim ulations of biosynthetic enzym es and about accum ulations of phenolic com pounds, especially flavonoids, in various plant species in relation to increased doses of UV-light. M ainly ac cum ulated in the epiderm is, these U V -absorbing substances act as internal filters against the dam aging radiation. A connection betw een these p h e nom ena and dam aged-related accum ulation of m ost studied phenolics m ay be found in the fact that high light intensities do rep resen t additional stress for trees w eakened by anthropogeneous and/or o th er stress factors (Wild, 1987) .
